Improved superconducting qubit coherence using titanium nitride 
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We demonstrate enhanced relaxation and dephasing times of transmon qubits, up to ~ 60 (is by fabricating 
the interdigitatcd shunting capacitors using titanium nitride (TiN). Compared to lift-off aluminum deposited 
simultaneously with the Josephson junction, this represents as much as a six-fold improvement and provides 
evidence that previous planar transmon coherence times are limited by surface losses from two-level system 
(TLS) defects residing at or near interfaces. Concurrently, we observe an anomalous temperature dependent 
frequency shift of TiN resonators which is inconsistent with the predicted TLS model. 



Long coherence times compared to logic gate times 
are necessary for building a fault tolerant quantum com- 
puter. In the case of superconducting qubits, coher- 
ence times have dramatically improved since the first 
demonstration 1 , by a factor of 10 3 planar circuits 2 and 
10 4 using the 3D architecture 3 ' 4 . Most of the improve- 
ments are attributable to a number of design changes 
including removing dissipation from the chip by coupling 
qubits to resonators (cQED architecture) 5 , reducing the 
impact of charge noise 6 , and varying the geometry of 
the qubit shunting capacitor 2 . The natural question that 
arises is how further improvements will be possible, es- 
pecially for the transmon qubit 6 , which has become a 
popular superconducting qubit design choice in the com- 
munity. 

To answer this question it is instructive to formulate 
a hypothesis of what limits currently observed coherence 
times of transmons the majority of which are fabricated 
using lift-off aluminum deposited simultaneously with the 
Josephson junction. We believe the physical origin of dis- 
sipation is likely related to dielectric loss of amorphous 
materials 7 . Clever design improvements have reduced the 
impact of this loss mechanism but have not completely 
solved it. Specifically, two-level system (TLS) dielectric 
loss near interfaces appears to play a crucial role 8 . Ex- 
perimental evidence to support this claim comes from (1) 
various design improvements and (2) materials improve- 
ments. 

First, quality factors are enhanced by geometric varia- 
tions of CPW resonators 9-11 , qubit coherence times im- 
prove by increasing the size of the shunting capacitors 2 , 
as well as by employing the 3D architecture 3,4 . In fact, 
the recent advent of the 3D architecture highlights that 
ultra-small (<~ 100 nm) Josephson junctions likely do not 
play a key role in dissipation at the moment, and neither 
does bulk substrate loss (in the case of sapphire) , leaving 
behind dielectric loss at interfaces (" surface losses" ) as a 
potential leading contributor to decoherence. 

Second, it was shown that quality factors of resonators 
using aluminum on sapphire can be improved by care- 
ful surface treatment prior to the deposition of the alu- 
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minum 12 . Similarly, titanium nitride (TiN) was also em- 
ployed to improve the quality factors of resonators 13 , 
as well as for cQED devices demonstrating T\ ~ T 2 <~ 
11 ^s 14 . However, these circuits used a large capacitor 
pad geometry for the transmons and were found to be 
predominantly limited by the Purcell effect and radia- 
tion loss. 

Here we use TiN to fabricate more traditional intcrdig- 
itated shunting capacitor (IDC) based transmon qubits 
and show substantial improvements in qubit coherence 
times are possible, while leaving the qubit design nomi- 
nally unaltered. We measure coherence times as long as 
T\ ~ T 2 ~ 55 - 60 fis compared to only 7\ ~ T 2 ~ 18 
using lift-off aluminum deposited at the same time as 
the Josephson junction. Rather surprisingly, we also ob- 
serve that the predicted frequency shift of the readout 
resonator versus temperature does not follow the pre- 
dicted model from TLS, indicating that observed fre- 
quency shifts may not be an accurate indicator of TLS 
dissipation. 

The IDCs were fabricated from TiN grown on silicon 
substrates. The substrates were high resistivity (p > 
20 kfi-cm) intrinsic Si wafers that are prepared using 
a HF etch. This acts to remove the native oxide from 
the surface, leaving a hydrogen terminated surface which 
remains stable long enough to be transferred to the de- 
position system and pumped down. Next, the surface is 
heated to 500°C. Then a Ti target is reactively DC sput- 
tered using a mixture of Ar and N 2 gases. While the sput- 
ter source is stabilizing with the shutter still closed, the 
resulting Ar:N 2 plasma forms a thin, (d«2 nm), amor- 
phous SiN layer on the substrate as is shown in Figure 
la. This buffer layer allows both a low-loss interface as 
well as the growth of a (200)-textured TiN film 13 . A 30 
nm thick film of the TiN was then deposited using reac- 
tive sputtering from a pure Ti target in the Ar:N 2 at the 
same temperature. A 4W RF 100V DC self-bias was also 
added to the substrate during growth. 

Afterwards, the qubit is fabricated as follows. Using 
a shadow mask, niobium regions are deposited in non- 
device areas for alignment purposes. The wafer is then 
patterned with contact lithography in i-line resist and 
a timed Cl 2 /BCi3 reactive ion-etch is conducted at low 
pressure and high bias in an inductively coupled plasma 
tool. The etch leads to a recess in the silicon substrate of 
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FIG. 1. Description of the qubit and summary of coherence 
times, (a) The fabrication process involves a thin seed layer 
of SiN on top of Silicon, (b) Micrograph of the transmon, 
and (c) zoom in of the Josephson junction, (d) T\ versus fin- 
ger width dimension, keeping the finger width and separation 
constant for an interdigitated capacitor of total capacitance 
C ~ 100 — 150 fF. Coherence times of qubits using aluminum 
(circles) for the capacitor structure improves with increasing 
finger width. The dashed line is a guide to the eye. A dra- 
matic improvement is observed using TiN (squares). All qubit 
frequencies were in the range 3 — 5 GHz and the multi-mode 
Purcell limit is predicted to be far away from observed coher- 
ence times (> 4 ms). 



125 nm. Immediately after etching, the remaining resist 
is stripped through manual agitation in an acetone bath, 
and chlorine (CI) residue removed with a room temper- 
ature water bath. Previous work 15 has shown a degra- 
dation of quality factor in samples processed with a Cl- 
based etch. Although our process uses CI we believe the 
dechlorination step helps prevent the previously observed 
quality factor degradation. We have not yet explored F- 
based etches. The only component not made out of TiN is 
the Josephson junction which is fabricated using shadow 
evaporation techniques 16 . Contact is made to the TiN 
layers by introducing an ion mill clean step to remove 
surface oxide. 

The qubit structure for a 30 /im shunt capacitor widths 
and gaps is shown in Fig. 1(b) along with a zoom- in 
of the Josephson junction in Fig. 1(c). All qubits are 
weakly coupled to a CPW resonator (coupling strength 
g ~ 40-50 MHz and external quality factor Q ~ 
25,000 — 30,000), which is 6.14 mm long and supports 
a A/2 resonance at approximately 6.5 GHz, consistent 
a kinetic inductance fraction of approximately a ~ 0.54. 
Using appropriate microwave shielding methods 17 , qubits 
are measured employing standard cQED measurements 
techniques 5 at either low or high microwave power 18 . 
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TABLE I. Measured and extracted qubit parameters. Sample 
(D) was connected using poorly thermalized feed lines, likely 
causing reduced T2 times. 



Qubit energy relaxation times (Ti) for four measured 
qubits are substantially improved for TiN compared with 
lift-off aluminum as shown in Fig. 1(d) and Table I. For 
a 5 (30) /im finger width we observe a 6x (3x) improve- 
ment with a maximum observed coherence time of almost 
60 /is, corresponding to a quality factor Q ~ 10 6 , consis- 
tent with that observed for resonators 13 . The variation 
of T\ dependent on finger width provides evidence that 
surface losses are the most dominant decoherence con- 
tributors. Dephasing times are also greatly improved, 
although we observe occasional frequency jumps, a phe- 
nomenon that has been reported by other groups 3 as well. 
Average energy relaxation decay and Ramsey fringes are 
shown in Fig. 2 along with their distribution over an 18 
hour time span. 

The observation of improved coherence times is consis- 
tent with a reduced TLS surface density 8,9 , and may be 
attributable to the silicon nitride interface formed during 
the Ar:N2 plasma surface treatment prior to the deposi- 
tion of the TiN 13 . What sets the limits on the observed 
coherence times as well as the exact functional depen- 
dence on finger width is not clear. One possibility is that 
TLS surface loss is still dominant, and our experiment 
enables one in-situ test that may provide some insight: 
Measuring the temperature dependent frequency shift of 
a TiN resonator. 

From the measured qubit quality factor Q ~ 0.5 x 10 6 
(samples C and D), and assuming (1) the same loss is 
dominant for a TiN resonator and (2) loss is dominated 
by TLS dissipation, we can predict a temperature de- 
pendent frequency shift for the resonator 9 and compare 
it with data. Implementing this experiment is possible by 
using the readout resonator (/ = 6.57 GHz, Q ~ 30, 000) 
which is also made out of TiN, and has similar dimen- 
sions (6 ^m center line, 3 /im gap) as the qubit samples 
C and D, and should therefore have a similar intrinsic 
quality factor based on the assumptions above. In order 
to fully decouple the resonator from the qubit the bare 
cavity peak is measured 18 . 

The resulting temperature (T) dependent frequency 
shift (A/ = /(T) - /(T ), where T « 15 mK is the 
base temperature of the dilution refrigerator) is plotted in 
Fig. 3 for the fundamental resonance and first harmonic. 
Although a clear positive shift is present, it does not cor- 
relate with the expected shift based on a TLS-limited 
internal quality factor of Q ~ 0.5 x 10 6 , consistent with 
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FIG. 2. Representative plots for (a) energy relaxation and (b) 
Ramsey fringes which give T\ and T2 respectively (sample B) 
together with a histogram for individually fitted traces run 
over the course of 18 hours. 



previous observations 19 . The measured frequency shift 
magnitude is much larger than expected, and the pre- 
dicted local minimum is unobservable. 

While a standard TLS fit to the positive slope in A/// 
data would normally indicate a large loss, ~ 10~ 5 or 
more, the fact that we observe very long T\ in qubits 
using TiN shows that the total loss must be 1CP 6 or 
less. Therefore, the measured A/// is in excess of the 
TLS effect and we suspect this excess positive frequency 
shift may be related to the anomalous electrodynamical 
response of TiN observed earlier in kinetic inductance 
photon detectors 20 ' 21 . Other explanations include effects 
from the nonlinear kinetic inductance contribution at ele- 
vated microwave powers. Independent of the root cause, 
our results indicate that relying on a temperature de- 
pendent frequency shift of resonators is not necessarily 
an accurate predictor of TLS contribution. 

Clearly, resonator experiments using TiN exhibit novel 
features that need further investigation. Nonetheless, the 
material in conjunction with appropriate growth condi- 
tions can be used to fabricate superconducting transmon 
qubits with coherence times up to T\ ~ T2 ~ 60 /xs, much 
improved over those obtained with lift-off aluminum 22 . 
What sets the limits to the observed coherence times us- 
ing TiN is not well understood but potential sources of 
decoherence include radiation or bulk dielectric loss. The 
results also suggest that conventional transmons with lift- 
off Aluminum are limited by surface loss. We believe 
many other materials may be possible including NbN, 
NbTiN, and Re to help push coherence times even further 
by reducing surface loss, because the Josephson junction 
is independent from the metal deposition of the shunting 
capacitor and its associated annealing procedures. 
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FIG. 3. Frequency shift versus temperature. For the funda- 
mental resonance at 6.57 GHz the data (open circles) shows a 
much more pronounced positive shift than predicted (dashed 
line) assuming Qtls ~ 0.5 x 10 6 . A similar behavior is found 
for the first harmonic at 13.14 GHz (crosses) but the discrep- 
ancy compared the prediction (solid line) is not as large. The 
overall discrepancy is reduced by introducing lower Qtls in 
the model which would not be consistent with measured qubit 
coherence times and assuming the resonator is limited by the 
same TLS loss. Furthermore, for both the fundamental reso- 
nance and first harmonic the predicted local minimum in fre- 
quency shift is not observed. Simulations assume T c — 4.5 K 
and a kinetic inductance fraction of 0.54 which effect the nega- 
tive frequency trend at elevated temperature. The simulation 
traces are offset by ~6 x 10~ 7 for clarity. 
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